In this paper, a novel robust fault detection and identification and fault-tolerant control (RFDI-FTC) system is proposed for thrust-vectoring aircraft (TVA) during supermaneuverable flight. To this end, a TVA model that incorporates control surface damage, actuator faults, disturbances, and aerodynamic parameter uncertainty is described, and a novel RFDI-FTC system is designed for the TVA model, which includes 1) an RFDI subsystem with robustness to disturbances and parameter uncertainty and sensitivity to control surface damage and actuator faults by multiple adaptive observers; 2) a command filter FTC subsystem to eliminate the differential expansion in traditional backstepping control and to compensate for control surface damage, actuator faults, disturbances and parameter uncertainty; and 3) a stability analysis for the RFDI-FTC system. The simulation results are given to demonstrate the effectiveness and potential of this system. INDEX TERMS RFDI-FTC system, TVA, control surface damage, actuator fault, robust FDI, adaptive observer, command filter FTC.
I. INTRODUCTION
Thrust-vectoring technology [1] - [3] is one of the most significant methodologies to control an aircraft's roll, pitch, and yaw maneuvering at a low airspeed and a high attack angle, called supermaneuverable flight [4] , [5] , which can realize control surface and actuator redundancy and improve flight performance by coordinating thrust-vectoring paddle deflection. In close air combat, thrust-vectoring aircraft (TVA) can change the pointing direction quickly to respond to various battlefield situations by supermaneuverable flight [6] , [7] . The strong nonlinear behavior and aerodynamic force coupling [8] , [9] produced by supermaneuverable flight increases the probability of control surface damage and actuator faults, seriously endangering flight safety. On the other hand, lateral and longitudinal thrust vectoring can compensate for control surface damage and actuator faults in the rudder and elevator, respectively, which can improve the fault tolerance performance. Therefore, a robust fault detection and identification The associate editor coordinating the review of this manuscript and approving it for publication was Zhongyang Fei . and fault-tolerant control (RFDI-FTC) system for TVA during supermaneuverable flight has great significance for air combat.
Fault detection and identification are necessary for faulttolerant control, and some progress has been made in the fault detection and identification (FDI) field. The problems of residual-based actuator fault detection are investigated in a previous work [10] for a class of uncertain linear systems with disturbances, where the interval observer is robust to disturbances but sensitive to actuator faults in the sense of interval estimation. Reference [11] introduces a model-based FDI technique for the diagnosis of machine health conditions, which detects and identifies faults by extracting fault signal information based on a defined relationship between fault signals and observers. The disturbances and uncertainties are ignored in that paper. A novel online fault detection and identification strategy for a class of continuous piecewise affine systems is established in a previous work [12] , whose main contributions with respect to the state of the art are the recursive nature of the proposed scheme and the consideration of parametric uncertainties in both partitions and in subsystem parameters. A navigation system fault detection model is established based on belief rules in a previous work [13] , where the system-measured residuals and change rates are used as the inputs of a belief rule model and a parameter recursive estimation algorithm is presented for the online detection model. Because this method neglects the influence of disturbances and uncertainty, some false alarms may occur. Reference [14] investigates the active fault-tolerant control problem for the attitude system of a rigid satellite with parameter uncertainty, unknown exogenous disturbances and actuator time-varying faults. Han, Y. et al. proposed a fault detection algorithm for an actuator stuck fault of an aircraft with multiple control surfaces [15] , which is composed of an adaptive observer to detect faults and a bias estimation algorithm to estimate the stuck position. As with most of the literature mentioned above, disturbances and uncertainties, which were not taken into consideration, may cause false alarms. Reference [16] designs a fault detection observer for linear time invariant systems with unknown disturbances, where the sufficient conditions for the existence of the fault detection observer narrow the application scope. Denis, V. E. et al. proposed a hybrid monitoring scheme with high robustness and performance for an electrical flight control system [17] , where a robust finite-time differentiator is used to estimate derivatives in a noisy environment. This method is superior to the traditional fault detection method because of the robustness to disturbances, but the parameter uncertainty is not taken into consideration. The above analyses show that most of the literature does not consider disturbances or parameter uncertainty in the FDI design process, which may cause a high false alarm rate because strong disturbances and parameter perturbation frequently occur during supermaneuverable flight. Therefore, novel RFDI is necessary for TVA to maintain robustness to disturbances and parameter uncertainty and sensitivity to control surface damage and actuator faults.
Control surface damage and actuator faults [18] seriously endanger flight safety and present a major challenge in completing the scheduled task, necessitating fault-tolerant control to address these issues. Salman, I. et al. proposed an active fault-tolerant control scheme for a relatively electric-based aircraft equipped with a dissimilar redundant actuator system [19] , where the control allocation scheme together with an integral sliding-mode controller is retrofitted with the state feedback control law and engages the redundant actuators into the loop. An active fault-tolerant control strategy was designed for an aircraft with a dissimilar redundant actuation system under vertical tail damage in a previous work [20] , where a composite method of model reference adaptive control integrating a linear quadratic regulator was proposed to reconfigure the fault-tolerant control law. Rajamani, D. et al. proposed a robust fault-tolerant control scheme using an accurate emulator-based identification technique for aircraft flight systems [21] , and a robust Kalman filter-based state feedback controller was designed to compensate the system faults. Shen, Q. K. et al. proposed a novel fault diagnosis algorithm by using the backstepping approach [22] , which removes the classical assumption that the time derivative of output error should be known, and an observer-based FTC scheme was proposed for a class of uncertain nonlinear systems with actuator faults that guarantees that all signals of the closed-loop system are ultimately semiglobally uniformly bounded and converge to a small neighborhood around the origin by appropriate choice of designed parameters. The existence condition of the FDI observer must be satisfied. A supervisory adaptive fault-tolerant control scheme was proposed in a previous work [23] for a class of uncertain nonlinear systems with multiple inputs, which consists of (1) an adaptive compensation mode to compensate for the failure of an actuator group as long as at least one actuator of the group works normally and (2) a switching mode to switch the controller from a failed group to a healthy one when a fault is detected by one of the monitoring functions that are constructed to supervise variables related to system stability. A robust fault-tolerant control scheme was proposed in a previous work [24] for uncertain nonlinear systems with actuator faults and lock-inplace and float faults, which consists of an adaptive secondorder sliding-mode strategy and a backstepping procedure. Lamouchi, R. et al. addressed the problem of passive faulttolerant control for linear parameter-varying systems subject to actuator faults [25] , and FTC based on linear state feedback was designed to compensate for the impact of actuator faults on the system performance by stabilizing the closedloop system using interval observers, designed based on the discrete-time Luenberger observer structure. The above analyses show that most of the literature does not consider control surface damage together with actuator faults, nor does it consider disturbances and parameter uncertainties in the FTC design process. These factors should be addressed together to ensure safety and stability during supermaneuverable flight. To this end, FTC based on the RFDI results, backstepping control and command filter technology is proposed in this paper.
The novel contributions of this paper are as follows. First, this paper comprehensively investigates an RFDI-FTC system for TVA with control surface damage, actuator faults, disturbances and parameter uncertainty in conjunction with highly unsteady and nonlinear flows during supermaneuverable flight. Moreover, the simulation results demonstrate thrust vector compensation for the aerodynamic control surface. Second, this paper proposes an RFDI mechanism for TVA to detect, identify and estimate control surface damage and evaluate actuator loss of effectiveness (LOE) faults and actuator stuck faults step by step and accurately; the whole RFDI mechanism can maintain robustness to disturbances and parameter uncertainties and sensitivity to control surface damage and actuator faults to reduce false alarms and increase the accuracy of FDI. Third, a novel command filter FTC system based on backstepping is proposed in this paper to eliminate the impact of differential expansion in traditional backstepping control, and the stability and effectiveness are verified by Lyapunov function analysis and simulation, respectively. This paper is organized as follows. In Section II, the TVA model with uncertain parameters, disturbances, control surface damage and actuator faults is presented. In Section III, an RFDI-FTC system is designed to achieve fault detection, identification and tolerance control, comprising three aspects: an RFDI mechanism based on multiple adaptive observers is proposed to detect and identify control surface damage and actuator faults under disturbances and parameter uncertainty; a command filter FTC system is designed to compensate for control surface damage, actuator faults, disturbances, and parameter uncertainty by combining backstepping control with fault parameters and command filter technology; and a stability analysis for the RFDI-FTC system is given. In Section IV, the simulation results are presented to illustrate the effectiveness of the proposed RFDI-FTC system, with concluding remarks in Section V.
II. PRELIMINARIES
The TVA model that incorporates control surface damage, actuator faults, disturbances and parameter uncertainty is described in this section.
A. TVA MODEL DESCRIPTION
The TVA model, built in a former study [1] , can be divided into attitude-angle-loop and angle-velocity-loop components according to singular perturbation theory. The attitude-angleloop component consists of [ α β µ ], corresponding to the attack angle, side-slip angle, and bank angle, respectively, and the angle-velocity-loop component consists of [ p q r ], corresponding to the spin, pitch, and yaw rates, respectively. The equations for the attitude-angle-loop and the angle-velocityloop components can be described as:
is the maneuvering moment matrix; and u = [ δ a δ e δ r δ y δ z ] T is the actual control signal for the angle-velocity-loop component, corresponding to the aileron deflection, elevator deflection, rudder deflection, and lateral and longitudinal thrust-vectoring paddle deflections. During supermaneuverable flight, highly unsteady and nonlinear flows cause aerodynamic parameter uncertainty and an unknown disturbance d. Considering these factors, equation (1) can be described as:
where η ψ ∈ R 3 are the uncertain aerodynamic parameters and η ω ∈ R 12 are the uncertain aerodynamic-moment parameters. A(ψ) and B(ω) are the coefficient matrixes for the uncertain parameters, and f (ψ) and f (ω) characterize the nonlinearity.
B. CONTROL SURFACE DAMAGE MODELING
Control surface damage, which weakens the original aerodynamic effect [26] , can be described as
where δ R i is the actual control signal sent from the ith control surface; δ i is the input command, i.e., the control signal sent from the ith actuator; r i ∈ (0, 1] is the so-called damage parameter, and r i ∈ (0, 1) denotes that the ith control surface is damaged to a certain extent, with r i = 1 denoting that the ith control surface is damage-free.
Hence, the TVA model with control surface damage can be described as
where R = diag r a , r e , r r , r y , r z .
C. ACTUATOR FAULT MODELING
In an actual flight control system, typical actuator faults [27] include the following four types: (1) stuck, (2) hard-over failure (HOF), (3) float, and (4) LOE. HOF is equivalent to being stuck at a max-min deflection position, and float is equivalent to being stuck at 0 rad. Therefore, stuck, HOF, and float for an actuator fault can be regarded as the same action [28] , referred to as a stuck condition. Then, the actuator fault model can be designed as:
where δ ci is the ith actuator input command; σ i ∈ {0, 1} is the stuck fault parameter of the ith actuator, where σ i = 0 indicates that the actuator is stuck and σ i = 1 indicates that it is stuck-fault-free; k i ∈ (0, 1] is the LOE fault parameter of the ith actuator, where k i = 1 denotes that the actuator is LOE-fault-free and k i ∈ (0, 1) indicates that it is undergoing an LOE fault to a certain extent; and i = a, e, r, y, z denote the aileron, elevator, rudder, lateral and longitudinal thrustvectoring paddle, respectively. Furthermore, we have
Hence, system (4) with actuator fault model (6) can be transformed into
III. RFDI-FTC SYSTEM DESIGN
In this section, the RFDI-FTC system is designed for a TVA during supermaneuverable flight, which includes (1) an RFDI subsystem to detect and identify control surface damage and actuator faults under the influence of disturbances and parameter uncertainty and (2) a command filter FTC subsystem to compensate for control surface damage, actuator faults, disturbances and parameter uncertainty.
A. RFDI MECHANISM DESIGN
An RFDI mechanism is designed so that it is robust to disturbances and parameter uncertainty and sensitive to control surface damage and actuator faults. The mechanism consists of a fault detection observer to detect the TVA faults, a fault identification observer to identify the control surface damage and actuator faults and two actuator fault identification observers for the ith actuator to identify actuator fault types.
1) FAULT DETECTION
For the angle-velocity-loop component in equation (2), we design a cascade observer as follows:
whereω 1 is the estimation value of ω andω 1 =ω 1 − ω is the estimation error; L 1 is a solution to the Lyapunov matrix equation
andη 1ω is designed as follows to compensate for the parameter uncertainty.
where 1 is a positive matrix and Proj˙η 1ω (·) is the discontinuous projection operator, defined as follows.
Definition: θ ∈ R P is the uncertain parameter;θ is the estimation value of θ ; andθ =θ − θ is the estimation error. θ = Projθ ( τ ) is the discontinuous-projection adaptive law ofθ ; where is a positive diagonal matrix, τ is an adaptive function; and Projθ (·) is the discontinuous projection operator, defined as follows:
0, ifθ i = θ i max and * i > 0 0, ifθ i = θ i min and * i < 0 * i , other The discontinuous-projection adaptive law has the following properties:
Proof: (1) Property 1 can be proven from the definition of the discontinuous projection operator.
(2) Property 2: Ifθ i = θ i max , we haveθ i ≥ 0 and Projθ i ( τ ) i = 0. Because * i > 0, we have τ > 0 and
Next, the adaptive disturbance observer is designed as follows ford in equation (8) .
where k is the degree of the observer; d i is the i-th differential of d, i = 1, · · · , k − 1;d i is the estimation value of d i ; and d i =d i − d i 1 is the estimation error. z ∈ R 3 andd i ∈ R 3 are the inner states of the observer; M (ω 1 ) is the vectorvalued function; and Li (ω 1 ) is the gain matrix, with L 0 (ω 1 ) satisfying the following equation.
The derivative ofd can be described as:
Similarly, we can obtain the derivative ofd 1 as follows:
Then, we can obtain the dynamicd as:
Letd =d − d andη 1ω =η 1ω − η 1ω ; then,ω 1 can be described as follows.
Theorem 1: When the TVA with disturbances and parameter uncertainty is fault-free, thenω 1 given by equations (8), (9) and (10) is globally asymptotically stable, i.e., lim t→∞ω1 (t) = 0.
Proof: Consider the following Lyapunov function:
The derivative of V 1 (t) can be written as:
Substituting adaptive laws (9) and equations (14) into (17) using Property 2 of the discontinuous-projection adaptive law yields the following equation:
The square inequality gives the following equation:
where * denotes the matrix norm. Then,
where Q 1 min , P 1 min and L i (ω 1 ) min are the minimum elements of Q 1 , P 1 and L i (ω 1 ), respectively. By satisfying equation (20), we achieveV 1 (t) ≤ 0, meaning thatω 1 given by equations (8), (9) and (10) is globally asymptotically stable, i.e., lim t→∞ω1 (t) = 0, thereby validating the proof.
The fault detection with robustness to disturbances and parameter uncertainty can be designed as follows based on Theorem 1.
where T 1 is the fault detection threshold.
2) FAULT IDENTIFICATION
For the angle-velocity-loop in equation (4), we design the cascade observer as follows:
whereω 2 is the estimation value of ω andω 2 =ω 2 − ω is the estimation error; L 2 is a solution to the Lyapunov matrix equation L T 2 P 2 + P 2 L 2 = −Q 2 with P 2 = P T 2 > 0 and Q 2 = Q T 2 > 0; andη 2ω is designed as follows to compensate for parameter uncertainty.
where 2 is a positive matrix.R is the estimation value of R, andR =R − R is the estimation error, which is designed as follows to resist the control surface damage.
where γ > 0.d is the estimation value of d, which is designed referring to the observer (10) .
Theorem 2: When the control surface is damaged, theñ ω 2 given by equations (23)-(25) is globally asymptotically stable, i.e., lim t→∞ω2 (t) = 0.
The next proof process is similar to Theorem 1, and equation (21) makesTheorem 2true.
The fault identification can be designed as follows based on Theorem 1 andTheorem 2.
where T 2 is the fault identification threshold.
3) FAULT IDENTIFICATION FOR ACTUATOR FAULTS
To identify actuator faults and estimate the fault parameters, we design two observers based on the adaptation and slidingmode technique for the ith actuator as follows:
Stuck:
LOE:
where Proof:When the ith actuator is stuck,δ i = 0, and the stuck observer errors are:
Consider the following Lyapunov function:
By using the second equation of (29), the derivative of V 3 (t) can be described as:
According to Lyapunov stability theory, we have lim t→∞δ s i = 0 and lim t→∞σi = 0. In addition, the LOE observer error is:
Because δ ci = 0 andk i = Projk i [ i (−a iδ l i δ ci )], we can infer thatδ l i = 0 and lim t→∞δ l i = 0. When the ith actuator is undergoing LOE, then the stuck observer error is:
Becauseσ i ∈ {0, 1} and δ ci = 0, we haveδ s i = 0 and lim t→∞δ s i = 0. The LOE observer error is as follows:
According toProperty 2of the discontinuous-projection adaptive law, the derivative of V 4 (t) can be determined as follows by using the second equation of (30) .
Then, we can obtain lim t→∞δ l i = 0 and lim t→∞ki = 0, thereby completing the proof. We set the following performance index to identify an actuator undergoing a stuck fault and an LOE fault according to Theorem 3.
where j = s, l and where c 1 , c 2 , and c 3 are the weights of proportion, integration and differentiation ofδ j i , respectively. The type of fault can be identified by the following equation:
4) RFDI FLOW DIAGRAM
The flowchart summarizing the aforementioned RFDI process is shown in Figure 1 .
B. COMMAND FILTER FTC DESIGN
A command filter [29] FTC system is designed for both the attitude-angle-loop and angle-velocity-loop components that can eliminate the differential expansion in traditional backstepping control [30] by introducing a command filter and accommodating control surface damage, actuator faults, disturbances and parameter uncertainty by adding the adaptive parameter lawsR,σ i ,k i ,d,η ψ andη ω into the command filter backstepping control.
1) ATTITUDE-ANGLE-LOOP CONTROLLER DESIGN
Define the attitude error as
where ψ c = [ α c β c µ c ] T is the command signal. Then,
The virtual control signal is designed as follows.
where K ψ is a positive matrix andη ψ is the estimation of η ψ . Lettingη ψ =η ψ − η ψ , the adaptive law ofη ψ can be designed in the following way:
where ψ and λ ψ are positive matrixes. Consider the following Lyapunov function:
By substituting the virtual control signal (42) and the adaptive law (43), the derivative of V 5 (t) can be described as:
The attitude-angle-loop controller is thus stable.
2) ANGLE-VELOCITY-LOOP CONTROLLER DESIGN
Based on the adaptive parameter law (25) , (29) and (30), the following observer is designed to compensate for actuator faults, control surface damage, disturbances, and parameter uncertainty.
whereˆ = diag[σ a ,σ e ,σ r ,σ y ,σ z ],K = diag[k a ,k e ,k r , k y ,k z ] andη ω is designed as follows to compensate for parameter uncertainty.
where ω is a positive matrix and ω e =ω − ω d is the estimation error.d, the estimation of d, is compensated by an observer, which is designed referring to observer (10) . Take the observer (46) as the auxiliary system; then, The control law is designed as follows.
By substituting equations (42), (43),, (47) and (48), the derivatives of V 6 (t) can be described as follows:
The angle-velocity-loop controller is thus stable.
3) COMMAND FILTER FTC DESIGN
In this section, the command filter is designed to eliminate the impact of the differential expansion belonging to the virtual control ω d in control law (49). The structure of the command filters is depicted in Figure 2 .
The state-space model of the command filter is described as
where ξ and ω n are the damping and the bandwidth of the filter, respectively, and ω c is the filtered signal of ω d . is designed as follows to compensate for the errors of the command filter.
Then, the attitude error can be redefined as
The angle velocity error can be redefined as
The control law is formulated as follows.
Consider the following Lyapunov function: By substituting equations (42), (43), (47), (49), (53) and (54), the derivative of V 7 (t) can be described as follows:
The command filter FTC is thus stable.
4) STABILITY ANALYSIS FOR THE RFDI-FTC SYSTEM
Theorem 4:The RFDI-FTC system for a TVA with control surface damage, actuator faults, disturbances and parameter uncertainty is stable. The system is constituted by the control law (56), the control surface damage parameter law (25) , actuator stuck parameter law (29) ,, actuator LOE parameter law (30) , parameter uncertainty law (43) and (47), and the adaptive disturbance observer (10) .
The derivative of V 8 (t) can be written as:
Substituting adaptive laws (25) , (29) , (30) , (43) and (47) into equation (60) with Property 2 of the discontinuousprojection adaptive law yields the following equation: Letting L i (ω e ) min > 0.25i = 1, · · · , k − 2 and L k−1 (ω e ) min > 0, we obtainV 8 (t) ≤ 0, meaning that Theorem 4 is true.
The above description comprises the whole design process of the RFDI-FTC system, whose block diagram is shown in Figure 3 .
IV. SIMULATION
In this section, the simulation process and results are presented to demonstrate the effectiveness and potential of the proposed RFDI-FTC system.
A. CONTROLLER PARAMETERS
According to the debugging results, we set the controller parameters, as shown in Table 1 . In addition, the faults shown in Table 2 arise in the simulation. 
C. SIMULATION RESULTS
Based on the controller parameters and fault setting, the RFDI-FTC simulation results are shown and discussed as follows. The results consist of two parts: the RFDI results to verify the robustness to disturbances and parameter uncertainty in addition to the sensitivity to control surface damage and actuator faults, and the RFDI-FTC results to demonstrate the containment of control surface damage and actuator faults in addition to disturbances and parameter uncertainty.
1) RFDI SIMULATION
The RFDI-FTC simulations, as governed by condition 1, condition 2 and condition 3, are executed, and the RFDI results are shown as follows to demonstrate the system performance. Both T 1 and T 2 are chosen as 0.1.
Condition 1: To present the performance, we compare the simulation results of observer (8) with and without adaptive law (9) and observer (10), whose observer result is calledω 0 .
The RFDI results are shown in Figure 4 . ω 0 changes irregularly and is greater than T 1 for most of the simulation, causing a false alarm. In contrast, ω 1 is convergent below T 1 during the whole simulation, showing that no faults occur, which is the same as condition 1 and proves the robustness to disturbances and parameter uncertainty.
Condition 2: The RFDI results of condition 2 are shown in Figure 5 . ω 1 is convergent below T 1 during the simulation except at t = 3s, t = 5s and t = 7s, and ω 2 is convergent below T 2 during the whole simulation. A comparison of the simulation results between ω 1 and ω 2 shows that control surface damage occurs at t = 3s, t = 5s and t = 7s.
The estimation of parameters in condition 2 is presented in Figure 6 , which shows that the aileron control surface exhibits 80% damage at t = 3s, the elevator control surface exhibits 70% damage at t = 5s, and the rudder control surface exhibits 60% damage at t = 7s. These results are the same as in condition 2 and prove the sensitivity to control surface damage.
Condition 3: The RFDI results of condition 3 are shown in Figure 7 . ω 1 is convergent below T 1 during the simulation except at t = 3s, t = 4s, t = 5s, t = 6s and t = 7s, and ω 2 is convergent below T 2 during the simulation except at t = 3s, t = 5s, t = 6s and t = 7s. A comparison of the simulation results between ω 1 and ω 2 reveals control surface damage at t = 4s and actuator faults at t = 3s, t = 5s, t = 6s and t = 7s.
The estimation of parameters in condition 3 is presented in Figure 8 , which shows that the elevator actuator is at 70% LOE at t = 3s, the aileron control surface is at 70% damage at t = 4s, the rudder actuator is at 60% LOE at t = 5s, the elevator actuator is stuck at t = 6s and the rudder actuator is stuck at t = 7s. These results are the same as in condition 3 and prove the sensitivity to actuator faults. The above simulations comprehensively demonstrate the RFDI system's robustness and sensitivity.
2) RFDI-FTC SIMULATION
The RFDI-FTC simulation is presented to prove its containment of control surface damage and actuator faults and its robustness to disturbances and parameter uncertainty. To present the performance of the command filter FTC, we compare the simulation results of FTC-(49), FTC-(56) and the absence of FTC, which excludes the control surface damage parameter law (25) , actuator stuck parameter law (29) , actuator LOE parameter law (30) , parameter uncertainty laws (43) and (47), and adaptive disturbance observer (10) . The deflection angle limits of δ a , δ e , δ r , δ y and δ z are ±15 • , ±15 • , ±15 • , ±20 • , and ±20 • , respectively. Figure 9 shows the trace signal of the attitude-angleloop component. We can obtain the following results: the errors without FTC are large from 0 − 3s and diverge suddenly because of faults at t = 3 s, and FTC-(49) can track the order approximately with irregular fluctuations, whereas the FTC-(56) can track the order both accurately and in a timely fashion. The comparison between FTC-(56) and the absence of FTC demonstrates the containment to control surface damage and actuator faults, as well as robustness to disturbances and parameter uncertainty, and the comparison between FTC-(49) and FTC-(56) presents the superiority of the command filter FTC. Figure 10 describes the trace signal of the angle-velocityloop component, and the discussion is similar to that of Figure 9 . Figure 11 describes the deflection angle of the actuators. FTC-(56) can ensure that the deflection angles change smoothly within the limits, while the deflection angles without FTC change irregularly and diverge suddenly when faults occur at t = 3 s, and the deflection angles in FTC-(49) change irregularly, which proves that FTC-(56) can meet the actual operation requirements more closely than the other approaches. Furthermore, the changes at t =3 s, t = 5 s, t = 6 s and t = 7 s verify that the lateral and longitudinal thrust-vectoring paddle deflections can improve the elevator and rudder deflections, respectively, in TVA during supermaneuverable flight.
The complete simulation results and discussion demonstrate the effectiveness, superiority and potential of the proposed RFDI-FTC system.
V. CONCLUSION
In this paper, a novel RFDI-FTC system for TVA is proposed, and the simulation results imply the following conclusions.
(1) The RFDI-FTC system for TVA can detect, identify and accommodate control surface damage and actuator faults under disturbances and parameter uncertainty in the context of highly unsteady and nonlinear flows during supermaneuverable flight. (2) The novel RFDI mechanism based on adaptive observer technology can maintain robustness to disturbances and parameter uncertainty and sensitivity to control surface damage and actuator faults, enhance the accuracy and response speed of FDI, and reduce false alarm rates effectively. (3) The novel command filter FTC based on backstepping can eliminate the impact of differential expansion in traditional backstepping control and compensate for control surface damage, actuator faults, disturbances and parameter uncertainty simultaneously.
In future work, novel observer [31] technology will be studied and incorporated to improve the effectiveness and performance of the RFDI-FTC system for TVA.
